The networklike structure of actin bundles formed with the cross-linking protein ␣-actinin has been investigated via x-ray scattering and confocal fluorescence microscopy over a wide range of ␣-actinin/F-actin ratios. We describe the hierarchical structure of bundle gels formed at high ratios. Isotropic actin bundle gels form via cluster-cluster aggregation in the diffusion-limited aggregation regime at high ␣-actinin/actin ratios. This process is clearly observed by confocal fluorescence microscopy. Polylysine is investigated as an alternative bundling agent in the high-ratio regime and the effects of F-actin length are also discussed. One particularly fascinating aspect of this system is the presence of a structured skin layer at the gel/water interface. Confocal microscopy has elucidated the full three-dimensional structure of this layer and revealed several interesting morphologies. The protein skin layer is a micron-scale structure composed of a directed network of bundles and exhibits flat, crumpled, and tubelike shapes. We show that crumpling of the skin layer results from stresses due to the underlying gel. These biologically based geometric structures may detach from the gel, demonstrating potential for the generation of biological scaffolds with defined shapes for applications in cell encapsulation and tissue engineering. We demonstrate manipulation of the skin layer, producing hemispherical structures in solution.
INTRODUCTION
The actin cytoskeleton provides a structural framework for the mechanical stability of eukaryotic cells and a broad range of cellular functions, including adhesion, motility, and cell division. 1 In cells, actin is found both in a monomeric globular actin ͑G-actin, molecular weight ͑MW͒ = 42 kDa͒ form or as actin filaments ͑F-actin͒, comprising the polymerized G-actin subunits. Interactions between F-actin and actin cross-linking proteins ͑ACPs͒ may lead to three-dimensional ͑3D͒ networks of F-actin imparting gel-like properties to the cytosol. Two-dimensional ͑2D͒ networks and bundles of F-actin also interact with the plasma membrane to determine the cell shape. Bundles, comprised of a closely packed parallel arrangement of actin filaments, and networks, containing actin filaments crisscrossed at some large angle, form the most common assembled structures of F-actin. [1] [2] [3] F-actin is a semiflexible polyelectrolyte with a negative linear charge density Ϸ−0.4 e / Å and a persistence length Ϸ10 m.
3 Actin filaments are bundled by the ACP, ␣-actinin, which has a width of Ϸ3.5 nm and a length of Ϸ33 nm. 4, 5 This "linker" molecule forms antiparallel dimers with cationic actin-binding regions at each end 6 and a total MW of 204 kDa. ␣-actinin dimers behave like sticker molecules and have been shown to bundle F-actin at ␣-actinin ͑dimer͒/G-actin molar ratios ͑␥͒ of as little as 1 / 90 at room temperature in vitro.
7 Figure 1 shows a model of the structure of an ␣-actinin/F-actin bundle. It has been shown by small-angle x-ray scattering ͑SAXS͒ 7 that the internal structure of these bundles exhibits a quasisquare packing arrangement.
In this paper we have studied F-actin mixed with ␣-actinin from low ratios ͑␥͒ of 1 / 100 up to the previously unexplored and opposite limit where F-actin is saturated with ␣-actinin at molar ratios of 1 Ͻ ␥ Ͻ 20. In this very high ␣-actinin regime, the actin filaments and subsequently the bundles are effectively covered with 30 nm long linkers, or "stickers." At a separation of ϳ30 nm, the electrostatic repulsive force between the negatively charged actin rods is negligible, and therefore the attractive ␣-actinin/actin interaction dominates and bundling occurs. The rate of aggregation for actin bundles is determined by the average time between collisions as observed in the case of diffusion-limited aggregation ͑DLA͒. We define a new regime, where ␥ Ͼ 1. In this case, if a bundle in solution covered with stickers encounters another, they will stick because the attractive energy between bundles is much larger than the thermal energy required to separate them.
We have found that for dilute actin concentrations ͑ϳ0.01 mg/ ml͒ as ␥ is increased to ␥ Ͼ 1, the ␣-actinin/actin system undergoes a transition from a fluid "sol" phase ͑on a macroscopic scale͒ to an isotropic gel phase of networked actin bundles ͑i.e., a fully interconnected cluster extending throughout the sample͒. The observed gel phase which we describe is distinct from the "microgels" observed in actin networks at low ␥ ratios 2 and also from the ␣-actinin/actin gels studied extensively in the past at low values of ␥ and via different cross-linkers. [8] [9] [10] [11] [12] [13] This work is carried out mostly at very high ratios of ␣-actinin/actin ͑␥͒, where we observe fascinating results. One very interesting feature of this system is the presence of dense skinlike structures formed on the surface of the isotropic bundle gel. This skin layer forms at the interface between the bundle gel and the surrounding buffer solution. Laser scanning confocal microscopy ͑LSCM͒ has revealed that on the submillimeter scale this skin layer, which may be described as a quenched protein membrane, exhibits a range of morphologies including both flat and highly crumpled membranes and tubelike structures. When the skin layer is examined on a micron scale, confocal microscopy reveals a directed network of bundles, often highly oriented with branching side arms. The idea that membrane wrinkling is due to stresses resulting from the slow shrinkage of the underlying actin gel was introduced in a recent publication by the authors.
14 In this paper we now present a more in-depth analysis of this process. The skin layers present a new class of quenched, yet flexible, protein membranes, irreversibly produced and thus far from equilibrium. This is in contrast to self-assembling equilibrium lipid membranes found in the form of spherical and cylindrical micelles, flat bilayers, 15 and lipid tubules. 16, 17 The protein membranes are experimental realizations of quenched anisotropic tethered membranes with disorder due to random stress rather than thermal fluctuations. Isotropic tethered membranes with random spontaneous curvature and strain have received much theoretical attention in recent years. [18] [19] [20] We have found that the protein skin layers reported may detach from the gel, an important feature for applications and study of their mechanical properties. As we now understand the mechanism for the formation of the actin skin layer it should be possible to replace F-actin with synthetic polyelectrolytes or extracellular matrix fibers for applications requiring artificial skin or scaffolds with defined shapes and specific receptors for cell attachment, migration, and growth in tissue engineering. 21 We present preliminary experiments which show the production of skin layers with synthetic versions of the linker biomolecules, such as flexible lysine chains. This result demonstrates that the formation of the bundle gel and skin layers presented in this paper are not specific to the protein ␣-actinin but will form at high concentrations of nonspecific linker molecules where branching occurs. The skin layers are also capable of being molded for applications and we show some first results in this direction, creating hemispherical shapes using colloidal particles.
The bundled actin gels we describe in this paper constitute a fascinating system, self-assembling with order on many length scales. It is possible to form isotropic gels at very dilute concentrations by allowing the system to aggregate in the diffusion-limited aggregation ͑DLA͒ regime, using both the linker protein ␣-actinin and also the nonspecific linker polylysine. The gel system generates a dense surface skin layer of actin bundles and this layer shows potential for biomedical applications.
MATERIALS AND METHODS
Laser scanning confocal microscopy "LSCM… G-actin fluorescently labeled with 488 nm Alexa from Molecular Probes, Inc. ͑5 mM Tris-HCl pH 8.1, 0.2 mM CaCl 2 0.2 mM ATP, 0.2 mM DTT, and 10% w / v sucrose͒ was polymerized at 2 mg/ ml, 100 mM KCl to a length of ϳ10 m for microscopy. The resultant F-actin molecules were treated with phalloidin in a 1:1 molar ratio to G-actin to prevent depolymerization, then ultracentrifuged at 100 000 g to pellet the filaments and remove the supernatant buffer solution. The F-actin was then resuspended in Millipore water at 100 mM KCl. ␣-actinin and ␣-actinin labeled with 568 nm rhodamine, ͑both supplied by Cytoskeleton, Inc.͒ were suspended in a 20 mM NaCl, 1 mM ␤-mercaptoethanol, 20 mM Tris-HCl pH 7.2, 5% sucrose, and 1% dextran buffer.
Small-angle x-ray scattering "SAXS…
Unlabeled G-actin ͑Cytoskeleton, Inc.͒ was polymerized at 2 mg/ ml, 100 mM KCl to a length of ϳ3000 Å. The F-actin filament length was controlled by adding the appropriate amount of a 1 mg/ ml solution of human plasma gelsolin in a 150 mM NaCl, 2.7 mM KCl, 8 mM Na 2 HPO 4 , 1.5-mM KH 2 PO 4 , 1 mM EGTA, pH 7.2 buffer ͑Cytoskel-eton, Inc͒. The F-actin was stabilized with phalloidin in a 1:1 molar ratio to G-actin. Varying molar ratios of unlabeled ␣-actinin and actin were incubated at 100 mM KCl at room temperature for 30 min before centrifugation for 15 min at 11 000 rpm on an Eppendorf table-top centrifuge. The resultant pellets were inserted into 1 mm quartz capillaries ͑Charles Supper, Co.͒ with the supernatant and were sealed. SAXS experiments were performed at beamline 4-2 of the Stanford Synchrotron Radiation Laboratory at 11 KeV using a FUJI-BAS image plate.
RESULTS
The ␣-actinin/F-actin bundle system has been studied on several length scales using different techniques. SAXS allows us to probe length scales below ϳ100 nm ͑i.e., the internal structure of a bundle͒. For length scales between ϳ1 and 200 m we have used laser scanning confocal microscopy ͑LSCM͒, and for length scales up to 1 mm we have employed fluorescence microscopy. These different techniques combine to produce a complete picture of the hierarchical structure of this system. Figure 2 shows the SAXS data for ␣-actinin/F-actin bundles ranging from the very low ␣-actinin/␥-actin molar ratio of ␥ = 1 / 100 to ␥ = 5. The data is presented as a function of q and arbitrary intensity. At ␥ = 1 / 100 little scattering is observed as this ratio is too low for bundle formation to occur. Above ␥ =1/50 macromolecular assemblies start to form, as shown by the increase in small-angle scattering, and by ␥ =1/10 two distinct peaks are observed at q = 0.19 and 0.29 nm −1 . These peak positions correspond to a distorted square packing arrangement inside the bundle ͑Pelletier et al.͒. As the ␥ ratio is increased still further up to ␥ = 5 we see that the peak at q = 0.19 nm −1 becomes more pronounced. This shows a slight increase in the packing order within the bundle, although the peaks remain relatively broad, indicating a disordered filament arrangement inside the bundle.
In order to study the properties of the ␣-actinin/actin bundle system fluorescent samples were prepared for laser scanning confocal microscopy ͑LSCM͒. Figure 3͑c͒ shows a basic diagram of the sample preparation. In order to preserve the three-dimensional structure of samples as they aggregate a spacer is used between the glass slides. Samples were prepared by placing a 2 l droplet of ␣-actinin in buffer solution on the slide. This first droplet also contained the KCl concentration required for bundling to occur. A 2 l droplet of F-actin solution was then added slowly to the first droplet taking care not to mix the components and to minimize shear to the liquid. Samples were sealed and observed using fluorescence microscopy as the bundle structures formed and aggregated. Different samples were prepared at varying ␥ ratios and KCl concentrations.
At high ␥ ratios one of the most striking macroscopic features of the bundle assembly is the formation of a gel-like phase in solution, in contrast to the more sol-like behavior observed at low ␥. At low ␥ actin bundles form and aggregate into a loosely connected three-dimensional network which fills the sample droplet. This loose, branching network can be observed via fluorescence microscopy to flow like a liquid. At high ␥, however, the actin filaments in solution form bundles which appear notably thicker ͑due to their increased brightness under the fluorescence microscope͒, which then aggregate into a polymer gel suspended in the FIG. 2. Small-angle x-ray scattering data for pelleted ␣-actinin/actin complexes at varying molar ratios of ␣-actinin to G-actin. Also shown are schematics of the molecular arrangement at low and high ratios.
FIG. 3. ͑a͒
Fluorescence microscopy images of ␣-actinin/F-actin complexes at low magnification at varying ␥ ratios demonstrating the transition from sol to gel. All images shown are complexes formed at 100 mM KCl. Also shown is ͑b͒ a phase diagram for this transition as a function of monovalent salt concentration and ͑c͒ a schematic of the sample geometry for microscopy.
center of the droplet. This gel is composed of a loose interconnected branching network of thick bundles, which maintains a fairly rigid shape inside the droplet. The gel does not flow and exhibits solid properties, retaining distinct macroscopic structures. All fluorescent actin in the initial sample droplet appears to fully separate from the buffer solution to form the gel. Figure 3͑a͒ shows low-magnification fluorescence images of ␣-actinin/F-actin bundle complexes formed using the method described above at different ␥ ratios and clearly demonstrates the macroscopic features. At the low ratio ␥ =1/4 on a macroscopic scale we see a sol-like behavior. The bundle solution fills the droplet and no permanent structural features are observed. This complex represents a loose network of bundles. It is clear, however, that bundles are present, from both x-ray studies ͑see Fig. 2͒ and higherresolution microscopy. As the proportion of ␣-actinin in the complex is increased, gel-like structures form and separate out from the buffer solution. At ␥ = 1 some structural features are observed; however, the network is still observed to flow so this ratio is defined as intermediate between the gel and sol states. If the amount of ␣-actinin is increased further to ␥ = 2 and above, the complex no longer flows and exhibits permanent structures; we define this as the gel state. Also shown in Fig. 3͑b͒ is a simple phase diagram for complexes formed at different ␥ ratios as a function of monovalent salt concentration. It is clear that the transition from sol to gel is not a sharp one, but occurs gradually with a large range in which the complexes exhibit both sol and gel-like properties. The x axis on this graph indicates the KCl concentration in the complex and does not include any other salts in the buffer solutions used. In fact, 20 mM NaCl is present at all KCl concentrations shown. It is interesting to note that at KCl concentrations less than ϳ100 mM no intermediate gel/ sol state is observed.
In order to understand the formation of these gel-like structures and their interesting morphologies the 3D internal structure of the aggregates was probed via the confocal microscope. In using this technique we are able to examine three-dimensional ͑3D͒ bundle arrangements without applying any external force to the sample and risking stressinduced shrinkage. Figure 4 shows two projections of 3D confocal data taken from the gel bundle arrangement at ␥ = 10 showing typical structures observed in the sample. At this high ␣-actinin/G-actin ratio, thick bundles are observed and a locked-in branching structure is observed, forming a fully interconnected 3D network. This figure demonstrates the two typical bundle arrangements observed in the gel: ͓Fig. 4͑a͔͒ an isotropic network of bundles and ͓Fig. 4͑b͔͒ a network in which many long bundles are aligned and cross-linked in a ladderlike fashion by their branching side arms. The isotropic structure is typically observed in the bulk of the gel, with aligned structures often occurring on the surface, i.e., at the gel/water interface. These aligned structures most likely nucleate due to the localized alignment of single filaments in the initial stages of aggregation.
Polymer gelation as an aggregation process has been treated theoretically by many authors. [22] [23] [24] [25] Gelation can occur in two extreme limits: weak ͑reversible͒ gels may have their cross-links broken by thermal motion, whereas strong ͑irreversible͒ gels form permanent bonds. Reversible gelation has been theoretically explored via percolation theory; 24 however, this treatment does not consider the growth or mobility of clusters in solution.
In order to study the aggregation process involved in the formation of this isotropic bundle gel, the 3D LSCM data was taken for a region of the isotropic gel and the structure factor ͓S͑q͔͒ was determined using a 3D fast Fourier transform ͑FFT͒ on the LSCM data for a highly aligned region and a region displaying isotropic ordering. A slice from the 3D FFT was extracted from the center of the volume in the x-y plane and radial line profiles were taken. These were averaged radially about the origin or in the x and y directions as a function of spatial frequency. By plotting the power spectrum obtained on a log/log plot, a regime with slope 1.72 was observed for the isotropic sample ͑Fig. 5͒.
Although classical percolation models do predict a similar exponent of ϳ1.7, it is clear experimentally that an irreversible cluster-cluster model 26 is more appropriate here. The aggregation process observed involves F-actin filaments and bundles covered with an excess of ␣-actinin. In this case whenever bundles or clusters of bundles encounter each other in solution they will stick. The gel is irreversible and, in fact, gentle shaking will cause the gel to shrink as fluctuations in the network increase. Optical microscopy shows that the homogeneous irreversible aggregation of bundles in this regime leads initially to many small clusters, and further cluster growth occurs due to the aggregation of clusters of bundles of comparable size.
This result is consistent with the slope predicted for cluster-cluster aggregation in an irreversible gel, 27, 28 where the isotropic network of bundles forms as a result of the aggregation of smaller bundle clusters, which diffuse freely in solution, meet other clusters, and stick.
An analysis was also carried out on an aligned volume, with additional curves plotted for intensity profiles in the x and y directions. A similar S͑q͒ linear regime was observed in this anisotropic sample, with slightly smaller exponents.
It should be commented upon that the binding of the cross-linker ␣-actinin is commonly accepted to be weak 29 and therefore a reversible bond; however, at high ␣-actinin concentrations the macroscopic structures formed are observed to be irreversible. This phenomenon can be explained by considering cross-linker density inside the bundle. At low cross-linker concentrations, the local ␣-actinin density inside the bundle will be low and the dissociation of a few adjacent cross-linkers may be enough to allow a rearrangement of the structure. However, if a high density of cross-linkers are involved in the structure of a bundle, i.e., at high ␣-actinin concentrations, the less likely they are to all dissociate simultaneously and allow a rearrangement of the structure.
The formation of a branching network of bundles is not specific to the ␣-actinin-bundled system but also occurs for other nonspecific linker molecules. Polylysine is a polymer formed from the positively charged lysine subunit. This polymer will bundle F-actin molecules by nonspecific electrostatic interactions and produces similar 3D network structures at comparable ratios to the ␣-actinin work described above. Different polylysine lengths were investigated and it was found that network structures formed for polylysines ranging from MW= 260 kDa down to a chain of just four lysine subunits. Bundle systems produced with mono and divalent salts, however, do not form gels, and a connected network does not form. 7 These systems have a much lower incidence of branching and always display a sol-like behavior. An important parameter in the formation of the actin bundle gel is the length of the F-actin molecules used. By polymerizing G-actin in the presence of human plasma gelsolin, an actin-severing and capping protein, one is able to control the average filament length by adjusting the gelsolin concentration. As shorter F-actin is used to form the bundle network the average mesh size of the network is also re- duced. Figure 6 shows LSCM images of both ␣-actinin and polylysine bundled systems using different F-actin lengths. It can clearly be seen that the mesh size in the isotropic gel network decreases significantly as actin length decreases. For F-actin 10 m in length the mesh size is large at 10-20 m, as seen in Fig. 4 , but for 0.3 m actin filaments this mesh size is clearly reduced ͓Figs. 6͑a͒ and 6͑b͔͒. In Fig. 6͑c͒ , 100 nm F-actin produces a network with a very small mesh size. When filaments as short as 0.03 m are used to prepare a gel, a different structure is observed to form, bundles show an extremely high rate of branching, and the network clumps together into large aggregates which themselves form a loose network. The networks formed from polylysines show a similar behavior to those formed using ␣-actinin as the linker molecule.
As the actin gels presented in this paper form, one of the most striking features of their structure is the presence of the denser skin layer which forms on the gel surface at the interface between the 3D network of actin bundles and the remaining buffer solution. This skin layer can vary in thickness from around 10 m to the thickness of one bundle and is composed of a denser network of actin bundles to the underlying gel. Figure 7 shows 3D renderings ͑carried out using Voxblast by Vaytech͒ of a small area of the surface of two typical gel samples. The denser skin layer is obvious at the gel/water interface. Beneath the skin layer the isotropic network of bundles can be seen. Skin layers are observed in both the ␣-actinin and polylysine systems studied in this paper, and the presence of this feature is dependent on the length of the actin filament. Figure 8 shows data taken with the confocal microscope of actin bundle gels formed from different filament lengths. For filament solutions with an average length of 10 and 0.3 m the dense skin layer previously reported clearly forms on the surface of the gel as can be seen from the cross-sectional views ͓Fig. 8͑a͔͒. Interestingly, samples prepared from filaments ϳ0.1 m and below did not exhibit the skin layer at the gel/water interface ͓Fig. 8͑b͔͒. In this image the actin bundle network has clearly formed; however, no extra material is present on the surfaces of the gel.
A key feature of these actin bundle gels leading to the wrinkled skin layer on the surfaces is the fact that the gels undergo a short shrinking phase after formation. The rate and degree of this shrinkage appear to depend on the nature of the linker protein, as depicted in Fig. 9 , although this relationship requires further investigation. Gels were prepared FIG. 7 . Two examples of the skin layers which form on the surface of the actin bundle gel. These images were taken using fluorescence confocal microscopy and then reconstructed three-dimensionally .   FIG. 8 . LSCM cross sections of 3D data for two different actin bundle gels. ͑a͒ shows a typical skin layer on the surface of a gel formed using ␣-actinin bundles at ␥ = 10 and ͑b͒ shows data for ␥ = 1 bundles formed using polylysine ͑30-70 kDa͒ with 100 nm F-actin where no skin layer is observed.
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Hirst et al. J. Chem. Phys. 123, 104902 ͑2005͒ using both ␣-actinin and a polylysine ͑MW of 70-150 kDa͒. It is immediately obvious from these images that in both cases the gel shrank noticeably after formation. It is striking, however, that the sample formed with polylysine showed much more rapid and pronounced shrinkage than the ␣-actinin sample. In the polylysine sample the wrinkled skin layer can clearly be seen around the outer edge of the gel crumpling inwards over time.
In addition to this initial period of shrinkage, gels can be induced to shrink further by gentle shaking or by physically "prodding" the surface ͑gel/water interface͒. Each bundle is effectively coated in ␣-actinin molecules as there is an excess of sticker molecules in solution, so when two bundles are pushed together they have a high probability of sticking. By applying stresses to the gel or by gently shaking, the network can be forced to shrink and bundles will stick to each other if they come into contact. Thus the gel shrinks irreversibly due to the action of the sticker molecules.
DISCUSSION

Model for the formation of crumpled skin layers
We propose a brief model to represent the crumpling of the skin layer, which occurs as the underlying gel shrinks. The schematic in Fig. 9 demonstrates the basic steps in the formation of the gel over time. Initially, bundles form freely in solution and, by branching sidearm interactions, will aggregate into small clusters. These clusters then continue to aggregate until almost all free actin material is incorporated into the 3D network of bundles. As the basic unit of aggregation here is a long macromolecule, after gelation many loose ends will protrude from gel into the buffer solution, fluctuating due to thermal motion. These free ends are sticky and, eventually through fluctuations, will contact the gel surface and attach, forming a denser layer on the surface. This mechanism of formation is supported by the observation that the skin layer is absent if very short filaments are used. In addition, any actin filaments and bundles still free in solution will end up on the gel surface, as it is unlikely that they will penetrate into the interior of the gel before making contact   FIG. 10 . A 3D reconstruction and cross-sectional view of LSCM fluorescence data for a membrane which has become detached from the bulk sample. The locked-in wrinkled structure is seen clearly in both views. with the denser network on the surface. Once the dense skin layer has formed on the surface of the gel, it is relatively incompressible compared with the gel interior. The shrinkage of the gel interior then results in buckling of the surface layer due to the resultant lateral forces on the anchored membrane as the isotopic interior reduces in volume. The wrinkled skin which forms on the gel surface is reminiscent of the work by Tanaka et al., 30 in which they observed a wrinkled surface layer forming on the surface of a swelling polymer gel at the air interface. The phenomenon which we observe, however, is quite different in origin; it is formed by a different mechanism at the gel/water interface due to gel shrinkage, and no regular pattern is observed. The volume of classical polymer gels can be modified by subtle changes in pH, 31 temperature, 32 or solvent composition; however, such phase transitions are reversible. In the case of the actin bundle gel described here, the shrinkage is observed to be irreversible. A mechanism for this shrinkage can be understood by considering thermal fluctuations of bundles in the gel. 33 The bundles will fluctuate strongly between link points and as these bundles are covered in sticker molecules, if they come close enough to other bundles they will stick. This process occurs throughout the entire gel resulting in a gradual reduction in volume and continuing until the gel reaches a quasi-equilibrium state, where the magnitude of bundle fluctuations is not great enough to result in additional "sticking" events. We do not believe that osmotic effects play a strong role in gel shrinkage. The skin layer, while dense compared with the interior of the gel, has a mesh size on the order of 1 m and allows both excess ␣-actinin and buffer solution to pass freely into the gel. We can describe the wrinkling of a section of membrane with length L and wave vector k by balancing the free energies of the bulk and surface regions. By minimizing this free energy we can then obtain the expression k ϳ͑E / ͒ 1/3 , where E is the bulk elastic modulus and is the bending modulus of the skin layer. This result suggests that as the gel network increases in density, the bulk elastic modulus E also increases, and therefore the wavelength of buckling decreases. This result is evident from the wrinkled skin layer on the polylysine gel shown in Fig. 8 . As the volume of the gel decreases the skin layer clearly becomes more wrinkled.
Applications
The crumpling skin layer which forms on the gel surface is an example of a quenched protein membrane. The structure of the membrane, once formed, is irreversible, and one particularly interesting feature of this system is the ability of the membrane to detach from the bulk gel. Figure 10 shows an example of a section of a membrane which has detached from the bulk material. In this figure a 3D rendering is shown together with the LSCM cross-sectional data. The membrane has a permanent wrinkled shape as the structure is "locked in" due to the networking of the bundles. No macroscopic fluctuations are observed over time, although individual bundles do continue to fluctuate in between link points.
Another interesting morphology which the membranes FIG. 11 . Two examples of tubelike structures formed on the surface of an actin bundle gel imaged via a fluorescent LSCM. ͑a͒ 3D reconstructions of a sample edge with a prominent wrinkled skin layer forming mini tubes on the surface and ͑b͒ two different cross-sectional views of this structure. ͑c͒ shows an example of a very large tube structure forming as a section of protein membrane tears off from the bulk sample and curls up.
may adopt is a tubular structure. As a gel shrinks and the skin layer wrinkles on the surface, highly aligned areas will behave differently to isotropic areas. The aligned areas on the surface of the gel essentially consist of two different bending moduli being stiffer in the direction normal to the direction of alignment. Long bundles are often seen cross-linked into a ladderlike structure, and these weaker cross-links allow bending to occur in a preferential direction. Examples of the result of this process are shown in Figs. 11͑a͒ and 11͑b͒ in the form of tubes. The wrinkled surface in an aligned region has buckled in one direction to form several minitubular structures on the surface of the gel. Figure 11͑c͒ shows how curling can occur on a much larger scale. This partial tube, around 200 m wide, is starting to form as a large section of membrane tears off from the bulk and curls in on itself. As the material in these situations is saturated with sticker molecules, a skin layer curling in on itself may stick in that position to form a permanent tube structure. The different structures which can form from these protein skin layers could possibly be manipulated for applications in the field of biotechnology and tissue engineering. The networked membrane has a mesh size on the order of the size of a cell and is biocompatible, depending on the linker molecule. For such applications it would be necessary to control the shape of the membrane. This is possible as demonstrated in Fig. 12 . A fully enclosed tube structure is shown, which was observed to from spontaneously; we hope to produce such structures by manipulation. By forming the skin layer over a surface with the required morphology and surface properties, in this case negatively charged colloidal beads ͑Fig. 12͒, the membrane will take on the shape of that surface to retain the shape. Such a membrane can then be removed after stabilization. It will be possible to form these molded networks using either actin or a synthetic polymer and suitable linker molecules as a specialized framework for cell growth.
CONCLUSION
Novel protein membrane structures resulting from the aggregation of F-actin with a high concentration of the crosslinking protein ␣-actinin have been observed and investigated. These skin layers form on the surface of the actin gel comprised of an isotropic network of actin bundles. The skin layers themselves consist of a network of aligned actin bundles. They exhibit many interesting morphologies, including pleated or flat sheets and tubules resulting from the shrinkage of the underlying bundle network. The skinlike layers are also observed to form using different polylysine molecules, although this behavior is not observed for divalent bundling alone.
For aggregation to occur, as described in this paper, two important processes must be considered. Firstly, the sticker molecules chosen ͑␣-actinin and polylysine͒ should not simply allow the actin filaments to aggregate in any direction but must firstly induce bundling. Secondly, that bundles grow to a finite size and then aggregate with each other via sticker molecules and branching sidearm interactions. A clustercluster aggregation process in the DLA regime seems the most accurate for this system.
Two common mechanisms leading to large-scale hierarchical structures in biological systems include self-assembly at thermal equilibrium ͑case 1͒, such as lipid self-assembly and out-of-equilibrium energy dissipative biomolecular assembly and disassembly involving hydrolysis of high-bondenergy molecules ATP or GTP ͑case 2͒. In the latter systems, the structures may reach a steady-state structure, which are influenced by kinetic parameters, concentrations of relevant molecules, and solution conditions. The protein membranes that we have described present a third paradigm for selfassembly. The protein membranes are assembled through irreversible aggregation at an interface. The hierarchical structure is now out of equilibrium ͑like case 2͒, even though dissipation is absent ͑unlike case 2͒.
The semiflexible protein-membrane skin layers may have applications in cell manipulation, either on the gel surface or detached in solution as these delicate protein membranes are highly compatible with living systems. The skin layers will adopt different shapes, both spontaneously and by controlled manipulation, and such structures, including synthetic analogs, could be formed as biological scaffolds to encapsulate or compartmentalize cells or to provide a backbone for 3D tissue growth in tissue engineering applications.
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